Evaluation of shrub encroachment and brush control on water availability in the Upper Guadalupe River watershed by Afinowicz, Jason David
 
 
EVALUATION OF SHRUB ENCROACHMENT AND BRUSH CONTROL ON 
WATER AVAILABILITY IN THE UPPER GUADALUPE RIVER WATERSHED 
 
 
A Thesis 
by 
JASON DAVID AFINOWICZ 
 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
 
 
May 2004 
 
 
 
Major Subject: Biological and Agricultural Engineering 
 
 EVALUATION OF SHRUB ENCROACHMENT AND BRUSH CONTROL ON 
WATER AVAILABILITY IN THE UPPER GUADALUPE RIVER WATERSHED 
 
A Thesis 
by 
JASON DAVID AFINOWICZ 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
Approved as to style and content by: 
 
 
________________________________ 
Clyde Munster 
(Co-Chair of Committee) 
 
 
________________________________ 
Ronald Lacey 
(Member) 
 
 
________________________________ 
Bradford Wilcox 
(Co-Chair of Committee) 
 
 
________________________________ 
Gerald Riskowski 
(Head of Department) 
 
 
May 2004 
Major Subject: Biological and Agricultural Engineering 
 iii
ABSTRACT 
 
Evaluation of Shrub Encroachment and Brush Control on Water Availability in the 
Upper Guadalupe River Watershed.  (May 2004) 
Jason David Afinowicz, B.S., Texas A&M University 
Co-Chairs of Advisory Committee: Dr. Clyde Munster 
                Dr. Bradford Wilcox 
 
 
Wooded plant encroachment has dramatically changed the composition of 
rangelands in the arid and semiarid rangelands of the southwestern United States and 
may have significantly affected hydrologic and biogeochemical process in these 
environments.  In particular, suspicions that encroaching species waste an undue amount 
of water through evapotranspiration (ET) has prompted much discussion concerning the 
possibility of using brush control to enhance water supplies in Texas. 
This study focuses on two broad goals for evaluating the effects of wooded 
growth in rangelands.  The first of these is the assessment of wooded cover with the use 
of remotely sensed imagery.  A methodology for delineating differing land cover classes, 
including different levels of brush cover, is described, applied, and validated for the 
Upper Guadalupe River watershed, Texas.  This portion of the research resulted in an 
81.81% success rate for correctly matching land cover varieties and showed that 88.8% 
of the watershed was covered with various amounts of woody plant growth. 
The second portion of this study incorporated the previously developed land 
cover product along with a number of other highly detailed data sources to model the 
 iv
North Fork of the Upper Guadalupe River watershed using the Soil and Water 
Assessment Tool (SWAT).  The role of topography, brush cover, and soil slope, which 
are hypothesized to contribute to successful implementation of brush removal for water 
yield, were tested in a scientifically conscious and practical experiment to determine 
their influence upon water availability at a watershed scale. 
The effects of brush removal were found to be comparable to the quantities 
documented in field experiments, but less than the levels presented in previous modeling 
studies.  Brush density was found to be the most important factor in determining 
locations for successful brush removal in regards to reducing ET.  Slope was also found 
to have significant effect in increasing lateral flow while shallow soil had lesser effects 
on hydrology than other criteria.  Large quantities of deep recharge simulated by the 
model raise questions concerning measurement of ET in the Edwards Plateau region and 
the extent of deep water recharge to the Trinity Aquifer. 
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CHAPTER I 
INTRODUCTION 
 
 Evidence suggests that the brush species that now dominate the arid and semi-
arid rangelands of the southwestern United States have only become prevalent over 
herbaceous species as recently as the past century.  Before this time, woody species were 
most commonly found in riparian regions adjoining waterways and on upland slopes.  
The once limited wooded growth in grasslands has since become a dominant 
phenomenon (Humphrey, 1958).  Scientific sources support this anecdotal evidence of 
wooded plant proliferation (Archer et al., 1988; Archer, 1989). 
 This encroachment of woody plants has been blamed on a number of issues 
including warming climates and CO2 enrichment.  However, Van Auken (2000) points 
to the increase of cattle grazing in the southwest as the leading cause of vegetation 
change in these regions.  It is noted that the occurrence of brush encroachment in the 
southwestern U.S. has been preceded by the expansion of the cattle industry.  By the 
removal of herbaceous forage from the landscape, domesticated animals have, in effect, 
reduced the occurrence of fire by denying the necessary fuel load to purge woody 
growth from the landscape.  Furthermore, the subsequent interstitial erosion between 
clusters of woody plants has potentially diminished the soil quality from these areas and 
prevented the regrowth of grass species (Schlesinger et al., 1999). 
_______________ 
This thesis follows the style and format of the Journal of the American Water Resources 
Association. 
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The proliferation of mesquite (Prosopis glandulosa) and juniper (Juniperus 
ashei, Juniperus pinchotti) in the Edwards Plateau region of Texas has been of particular 
concern.  The common belief is that the removal of intrusive species is a potential cure 
for, not only the traditionally associated brush problems from a range management 
perspective, but also the perceived reduction in stream flow and aquifer recharge that 
may potentially strain the water deficient area.  In fact, the state of Texas has begun the 
implementation of several programs throughout the state to encourage brush removal, 
particularly for the reason of increasing water yield (TSSWCB, 2002).  In order to assure 
that brush removal is truly a viable alternative to other water sources and that it is carried 
out in the most effective manner, it is important to examine the processes through which 
woody species work. 
 Historically, the interest of land owners for brush management has been for the 
sake of livestock and wildlife.  An excess of brush cover drastically diminishes the 
quantity of grazing area for cattle by restricting grazable area and limiting the 
biodiversity of a field (Dye et al., 1995), thus decreasing the value of range for this 
purpose.  Research indicates that the difference between open rangeland and a dense 
juniper cover reduces annual forage to less than 15% of the grass cover quantity (TAEX, 
1998).  Though brush can be an important asset for wildlife management as cover and 
forage, excessive cover may also hinder land value for hunting leases, which has become 
an ever-growing focus for land management in Texas (Thurow et al., 2000).  In fact, 
Rollins et al. (1988) observed that brush removal to an acceptable amount of cover 
(approximately 30-50% coverage) increased the numbers of white-tailed deer 
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(Odocoileus virginianus) and exotic species present in a study conducted in Kerr 
County, Texas.  
 The modern era of brush management raises many more questions as to the 
effects of woody plant encroachment.  Effects upon biodiversity (Dye et al., 1995; 
Fulbright, 1996), and the potential role of shrubs as a sink for atmospheric carbon 
(Pascala et al., 2001; Jackson et al., 2002) have brought a much greater audience to the 
cause of brush control.  Quite possibly the most powerful driving force of modern brush 
control is the potential effect of the vegetation change upon available water.  It is 
hypothesized that, through enhanced interception, increased evapotranspiration, and the 
ability to obtain water from greater depths below the surface, woody species may 
significantly alter the hydrology of a watershed by reducing the total amount of available 
water compared to the same watershed with native grasses in place (TAEX, 1998).  It is 
this possibility that has brought the control of brush to the forefront of public concern 
and regulatory review. 
 Experimental evidence supporting the wasteful mechanics of brush species is 
compelling.  Studies conducted with ashe juniper and live oak (Quercus virginiana) near 
Uvalde, Texas, indicate that the exchange of water between these species and the 
atmosphere may be as high as 125 and 73 L·tree-1·day-1, respectively (Owens, 1996).  
This information also reveals the potentially wasteful nature of live oak, which has long 
been accepted by land owners and is often excluded from brush clearing efforts. 
 When these effects are approximated on a basin scale with the use of hydrologic 
modeling, the results show the potential for significant increases in available water.  Wu 
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et al. (2001) utilized the SPUR-91 model to demonstrate reasonable increases in water 
yield for three different management scenarios including a general brush control plan, a 
strategy with a forage emphasis, and a course of action for maximizing water yield.  The 
results showed a possible 100 percent increase in water yield for the Cusenbary Draw 
watershed of Texas. 
 Other promising results of brush removal were shown in a study of the Seco 
Creek watershed near San Antonio.  Here, the simulated removal of brush decreased 
evapotranspiration by 5 to 6 percent while increasing annual runoff by as much as 47 
percent for some subbasins (Brown and Raines, 2002).  In a study of eight Texas 
watersheds, Bednarz et al. (2000) predicted an increase in annual water yield from brush 
management of 122 m3 ha-1 for the Canadian River watershed located in the Panhandle 
to as much as 1,609 m3 ha-1 for the Medina River watershed on the Edwards Plateau.  
 Despite evidence suggesting that brush removal will yield significant changes in 
water yield, evidence to the contrary has initiated much debate.  Wilcox (2002) proposes 
that possible yields from brush management would, most likely, be insignificant for the 
majority of circumstances and would have limited benefit from even the most optimal 
situations.  Field experiments that have directly measured evapotranspiration from 
treated and untreated test plots indicate only slight differences between the two 
conditions, indicating that brush control may not affect losses to the atmosphere, the 
most significant way that brush has been theorized to reduce available water (Dugas and 
Mayeux, 1991; Dugas et al., 1998).  If such field scale measurements can be scaled up to 
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the watershed scale it could be assumed that brush control may not hold any potential for 
improving water yields. 
 Studies suggesting great benefits from brush management have generally 
prevailed in a political and social environment desperate to find new sources of water for 
a growing population, and have therefore influenced public policy to meet these wishes.  
In Texas, this presents a special problem due to the nature of land ownership.  In a state 
where 98% of the rangeland is privately owned, effort must be made to extend brush 
management beyond the fences of state controlled lands and involve private ranchers if 
brush control for water yield is to be an effective policy (Thurow et al. 2000). 
 Texas approaches the problem of land owner motivation by a basic strategy of 
incentives for land owners who participate in a state funded cost share program, which is 
administered by the Texas State Soil and Water Conservation Board (TSSWCB).  Land 
owners are eligible to obtain reimbursement for as much as 80% of the cost of brush 
control and maintenance over a ten-year period (TSSWCB, 2002).  The program is 
intended to reach out to land owners who are already interested in brush control for their 
land, but are economically hindered from removing the invasive species from their land.   
Thurow et al. (2000) cites cost as the most common deterrent to individually funded 
brush control measures, reporting that 82% of surveyed land owners were deterred from 
such treatment because of extensive costs.  Though the state brush control plan may 
directly address this problem, it does not preclude the TSSWCB from encountering the 
same issue when promoting brush removal.  The board spent approximately $24 million 
in 2002 for the state brush control program, most of which was allocated to cost share 
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payments to land owners (TSSWCB, 2002).  A large portion of these funds were 
allocated to the first state funded brush control project in the North Concho River 
watershed.  Though the expenditures for the project have been considerable, estimates 
show that the effort may potentially be a cost effective solution to the growing water 
supply issue.  Preliminary studies indicate that removal efforts in the North Concho may 
provide water for a cost as low as $43 per million liters, significantly less than the 
projected cost of $130 per million liters for utilizing alternative sources of water from 
surface supplies (TSSWCB, 2002). 
 Following the inception for the North Concho project, the TSSWCB has turned 
its attention to a variety of other potential sites for brush removal.  In 2002, work began 
on projects contributing to the Twin Buttes Reservoir and Lake Nasworthy, Lake 
Ballinger, Oak Creek Reservoir, Mountain Creek Reservoir, Champion Creek Reservoir, 
and the Pedernales River.  Additional work on the eastern side of the Edwards Plateau 
includes the feasibility reports for the Medina, Hondo, Seco, Sabinal, and Frio River 
watersheds in 2000, and a proposed Guadalupe River study in 2004 (TSSWCB, 2002). 
 Clearly, the matter of brush encroachment is a multi-faceted issue that requires 
study from several directions.  The following research aims to examine woody species 
and their effects through a variety of techniques and perspectives.  Analysis will include 
a determination of brush cover through the use of remote sensing techniques in the 
Upper Guadalupe River watershed, Texas, in an effort to streamline brush assessment 
for both research and management.  An assessment of brush removal and its subsequent 
effects on the water balance of the North Fork of the Guadalupe River was performed to 
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help determine the effects of brush management and which strategies may be most 
helpful in successfully controlling brush for increasing water yield.  The study utilized 
the best available sources of information and emphasized a process based viewpoint of 
wooded plant and water interactions to help ensure consistency with the natural system. 
 With these goals in mind, the research followed these specific objectives: 
1. Create a methodology for recognizing different levels of brush cover from 
remotely sensed data using readily available digital information and the 
minimum use of traditional ground survey information. 
2. Calibrate and then validate the Soil and Water Assessment Tool (SWAT) for a 
representative section of the watershed with brush in place. 
3. Use the calibrated model as a tool to assess the water budget for a brush 
dominated rangeland environment and associated processes. 
4. Simulate brush management over regions that may be hydrologically favorable 
for control purposes and determine which scenarios would prove beneficial to 
basin water yield. 
Research results for objectives one are presented in Chapter 2 and the results for 
objectives two, three, and four are presented in Chapter 3.  Chapter 4 provides an overall 
summary of the results of this project. 
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CHAPTER II 
AN EFFICIENT PROCESS FOR ASSESSING WOODED  
PLANT COVER BY REMOTE SENSING 
 
Synopsis 
 The ability to map the extent of wooded vegetation cover over large areas using 
remote sensing is important for managing and assessing rangelands.  Currently applied 
techniques are hindered by the way that they (1) cannot  directly measure the amount of 
land covered by woody plants as they rely upon spectral analysis of images of low 
spatial resolution to estimate cover, (2) require a large amount of field data in order to 
train a classifier for estimating cover at the sub-pixel level, and (3) describe only a 
limited number of land cover types (rangeland of varying wooded cover) without 
including other varieties that may be important for assessment or modeling purposes 
(agricultural land and urban covers).  This paper presents an innovative methodology for 
creating a land cover map that requires little to no traditional field data collection prior to 
classification.  The procedure combines both high resolution aerial photography and 
lower resolution satellite imagery to produce a detailed and easily producible dataset.  
The resulting dataset also categorizes regions into a wide variety of land cover types in 
addition to differing levels of wooded cover.  This new methodology was applied to the 
Upper Guadalupe River watershed in Texas, which is composed of varying amounts of 
brush cover between herbaceous range and dense cover.  Validation from ground survey 
showed an 81.8% success rate when the land cover map was compared to randomly 
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chosen points.  As a result of the ground survey, modifications to the methodology were 
recommended to reduce classification errors associated with the boundaries between 
heavy wooded and lightly wooded or herbaceous range covers. 
 
Introduction 
 The encroachment of woody plants in arid and semi-arid rangelands has been 
widely documented (Humphrey, 1958; Archer et al., 1988; Van Auken, 2000).  
Historically, the major stakeholder in managing this process has been the individual land 
owner (TAEX, 1998; Rollins et al., 1988).  However, modern interest in brush growth 
and management has a much greater audience as questions arise over issues such as 
biodiversity (Dye et al., 1995; Fulbright 1996) and carbon sequestration (Pascala et al., 
2001; Jackson et al., 2002).  Attention has also been focused on the possibility that the 
removal of wooded species may result in increased water yield (Owens, 1996; Bednarz 
et al., 2000; Wu et al., 2001).  Though the evidence is not conclusive in documenting the 
beneficial effects of brush control (Dugas and Mayeux, 1991; Wilcox, 2002), programs 
have been implemented to subsidize the process of brush management in hopes of 
relieving strain on water deficient regions (TSSWCB, 2002). 
 This increased interest in wooded cover signals a need for the ability to easily 
and effectively characterize brush cover for large regions, such as entire river basins.  
Walthall (1982) attempted to quantify the amount of brush cover with the use of Landsat 
Multispectral Scanner (MSS) imagery but could find no distinct correlation between 
observed reflectance and ground conditions, most likely due to the low spatial resolution 
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of the data used (Foschi, 1994; Hill et al., 1999).  Landsat MSS data is provided in a 60-
m spatial resolution that has been resampled from a native 79-m image.  Figure 2-1 
demonstrates the difficulty in discerning small scale characteristics such as brush cover 
from coarse resolution image sources by comparing the difference in spatial resolution 
between a 1-m aerial photograph and a 30-m Landsat Enhanced Thematic Mapper Plus 
(ETM+) image.  The difficulty in determining the quantity of wooded cover from the 
lower resolution data is apparent.  The reflectance shown in the Landsat image is 
influenced by a variety of factors such as species, density, and other factors that are 
unrelated to the interests of quantifying wooded cover. 
Another difficulty was encountered by Bednarz et al. (2000) when mapping a 
variety of brush species with Landsat Enhanced Thematic Mapper Plus (ETM+) images.  
Though the method proved effective (70-80% validation rate), the requirement of over 
1,100 ground-truth points to characterize the eight examined watersheds proved to be 
difficult, expensive, and time consuming. 
 A different approach to quantifying brush cover was taken by Wu et al. (2001).  
Aerial photography with a resolution of 1-m, that better detailed the location and sizes of 
individual wooded plants, was classified on a basis of wooded and non-wooded pixels.  
A moving window was then used to calculate a focal average of surrounding wooded 
cover for each pixel.  Species information was provided by prior ground survey of the 
study area.  One difficulty with this method was the consistent “edge effect” associated 
with transitional areas of brush.  Adjoining regions of heavy and light cover would 
produce a region of moderate cover along their interface that did not exist on the ground.  
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Figure 2-1. A comparison of the same area as viewed from (a) a 30-m spatial resolution 
Landsat ETM+ image, and (b) a 1-m spatial resolution aerial photograph. 
(a)
(b)
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This is an effect of the moving window acting as a low pass filter that would remove the 
edges of the images that are higher frequency signals.  Another problem was the lack of 
classification beyond rangeland brush types.  For hydrologic or similar scientific or 
management analysis, it would be important to identify urban, agricultural, or water 
covered regions as well.  Finally, though the method may be considered conceptually 
accurate for discerning levels of brush cover because of the detail of the aerial 
photography, validation of the process was outside the scope of the experiment and was 
not performed. 
 This paper proposes a methodology for addressing the issue of characterizing 
brush cover over large regions as follows: (1) The problems of scale are directly 
addressed by utilizing high resolution data sources, (2) the procedure does not require a 
field investigation of ground conditions prior to classification, and (3) all possible land 
cover types are included, making the product useful for a variety of purposes.  This 
methodology was applied to the Upper Guadalupe River basin and evaluated on the basis 
of ground-truth survey of random points for validation. 
 
Methods and Materials 
 The watershed chosen for analysis was the Upper Guadalupe River Watershed 
(Figure 2-2) on the Edwards Plateau of Central Texas (29° 58’ N; 98° 54’ W).  The 
3,700 km2 watershed empties into Canyon Lake and eventually the Middle Guadalupe 
River where it provides recharge for the Edwards Aquifer.  The area is dominated by 
rangelands with varying levels of wooded and herbaceous species and shallow soil 
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layers.  The substrate consists of a karst limestone material that is often visible on the 
surface.  Topography, land cover, and soil depth encourages ranching rather than 
farming as the dominant agricultural land use, except in deeper soils that are often found 
adjacent to streams. 
 
Figure 2-2.  The location of the Upper Guadalupe River watershed and associated stream 
network in south-central Texas. 
 
 Land cover characterization was carried out by developing a coarse land cover 
map and a brush cover index that would be combined into one final land cover map 
(Figure 2-3).  The coarse land cover map was produced from an existing land cover 
database and satellite imagery that provided information at a 30-m spatial resolution.  A 
brush cover index was then created from 1-m aerial photographs for enhancing the 
coarse land cover product. 
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Figure 2-3.  Flow chart of the classification procedure used in the brush cover analysis. 
Existing Land 
Cover 
Dataset 
Satellite 
Imagery
Aerial 
Photographs 
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Classifier 
Training 
Supervised 
Classification
Supervised 
Classification 
Quantifying 
Brush Cover 
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Cover Map 
Brush 
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Classification Decision Tree 
Final Land Cover Product 
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 Creation of the coarse land cover product was begun by selecting Landsat 
Enhanced Thematic Mapper Plus (ETM+) scenes of the watershed and is illustrated in 
Figure 2-3.  One image from Landsat path 27, row 39 dated 20 October 1999, and one 
from path 28, row 39 dated 14 December 1999 were selected from the Texas Natural 
Resources Information Service (TNRIS) database. These images were then color-
balanced and mosaicked to produce one complete image of the basin. 
 An existing land cover dataset was required to provide regions for collecting 
spectra in order to perform a supervised classification.  The National Land Cover 
Dataset (NLCD) provided by the Multi-Resolution Land Cover Consortium (MRLC) 
was chosen due to its demonstrated accuracy (Yang et al., 2001).  Though this same 
level of accuracy has not yet been verified for the southwestern United States, the use of 
NLCD data to represent general types of land use was considered reasonable for this 
study.  By overlaying the NLCD land cover raster with the mosaicked Landsat images, 
spectra were obtained for all of the cover classes provided by the dataset. These spectra, 
with the exception of classes for “perennial ice/snow”, “mixed forest”, “orchards and 
vineyards”, and “wetlands,” which were either not present or represented a minimal 
amount of cover, were used to train a Bayesian classifier.  This classifier is a 
modification of the maximum likelihood parametric classifier in Erdas Imagine software 
package that utilizes band covariance for assigning pixels to their most probable 
classification.  The Bayesian method varies this rule by assigning weighted probabilities 
to classes to prevent unlikely classes to be chosen for a pixel (ERDAS, 1999).  This 
capability is helpful to a study where particular importance can be placed on a class that 
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is of more interest.  For instance, in a rangeland study, a weighted decision rule allows a 
disputed pixel to be placed in a more likely class such as “bare soil” rather than a less 
likely class of “high intensity residential.” 
 The output land cover set was clumped on a basis of four similar neighbors.  
Pixels that were not neighbored on the top, bottom, or either side by at least one pixel of 
the same classification were removed as erroneous matches.  These “holes” in the land 
cover product were then filled by an elimination algorithm that filled the erroneous 
pixels with a more likely class determined from surrounding pixels.  This process was 
used to produce a more homogeneous and sensible land cover map. 
 The described process was repeated with several iterations of adjustment for the 
Bayesian weights until the process produced results that were reasonable when 
compared to the original NLCD product, the Landsat images, and the aerial photography 
used in the brush index procedure.  Final weights for “low intensity residential”, “high 
intensity residential”, and “commercial/industrial/transportation” were adjusted to a 
value of 0.2 to reduce a “speckling” in unlikely locations throughout the range area of 
study.  The weight for “water” was adjusted to 0.4 for similar reasons. 
In preparation for analysis by brush cover, several classes were lumped together 
into a general “range” category that would later be partitioned by the amount of wooded 
cover observed.  This new class was made up of “deciduous forest”, “evergreen forest”, 
“shrubland”, and “grasslands/herbaceous,” as they are described by the NLCD dataset. 
 The final product provided an updated, coarse land cover map that provided the 
information of the NLCD layer contemporary to the 1999 Landsat images rather than the 
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pre-1992 data used for creating the original database.  Additionally, it provided the 
potential locations of all varieties of rangeland, from open herbaceous to densely 
wooded, for later analysis by aerial image sources. 
 Creation of the brush cover index was begun by selecting appropriate high 
resolution datasets for analysis.  Digital Orthophoto Quadrants (DOQs) were obtained 
from TNRIS in the form of color balanced county-wide mosaics.  These inexpensive and 
readily available electronic aerial images provide complete 1-m resolution coverage of 
the watershed in bands of near infrared (NIR), red, and green, making them ideal for 
observing the location and density of wooded plants.  In the case of the Upper 
Guadalupe River watershed, these images were taken in the early months of 1995, 
making them reasonably consistent with the chosen Landsat images and recent enough 
to be useful for this study. 
 After pre-processing of the DOQs by combining the necessary county mosaics 
and then degrading them to a resolution of 2.5-m to enhance computation speed, the 
classification process was carried out as described for the coarse map.  However, no pre-
existing data were available for recognizing brush covered locations.   Instead, 
representative regions of growing brush, dormant brush, and soil were manually selected 
by visual identification for spectral extraction.  Classification was conducted with the 
maximum likelihood rule to produce three classes: 1) pixels resembling grassland, 2) 
pixels resembling growing brush, and 3) pixels resembling dormant brush.  Unlike the 
coarse map analysis, no post-processing was performed in order to preserve the detail of 
the wooded and non-wooded classified regions. 
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 Growing and dormant brush pixels were combined into one class and assigned a 
value of 100.  Herbaceous pixels were assigned a value of zero.  The image was 
degraded to produce a raster image whose pixel values, ranging from 0 to 100, 
represented the percentage of “wooded” 2.5-m pixels in the larger, degraded pixel.  A 
variety of degraded pixel sizes were tried in an effort to yield the most accurate 
approximations of brush cover without errors resulting from a window size that was 
either too small or too large.  Small pixels may have the divisionary effect of describing 
a few lone shrubs spread throughout a field as discrete heavy wooded points surrounded 
by herbaceous range, rather than the more appropriate classes of moderate wooded or 
light wooded.  On the other hand, an excessively large window would have an averaging 
effect by encompassing too much area and defining a heavy wooded region adjacent to a 
light wooded region as a moderate wooded site.  A window size of 60-m was found to be 
optimal for minimizing these effects, which are similar to the edge effects created by the 
methodology followed by Wu et al. (2001).  Thresholds were then used to divide the 
entire image into regions of open range (cover less than 5%), light wooded (cover 
between 5 and 20%), moderate wooded (cover between 20 and 50%), and heavy wooded 
(cover greater than 50%).  Figure 2-4 shows a representative area from an aerial 
photograph and the same region following classification, degradation, and final 
classification into open range and different brush levels. 
The final product was produced with the use of a decision tree (Figure 2-3) to 
assign the end classes to each 30-m pixel.  Each class of a non-range variety was 
assigned by the tree to the same classification it received in the coarse land cover  
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Figure 2-4.  Four images showing the same area (a) as viewed from an aerial photograph 
with a 1-m spatial resolution, (b) following classification into a thematic map of wooded 
and non-wooded pixels, (c) after degradation to a 60-m spatial resolution continuous 
map showing percentage of cover, and (d) classified into a thematic map of open range 
(black) and light (dark gray), moderate (light gray), and heavy brush (white). 
 
(a) (b) 
(c) (d) 
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analysis without regard to the results of the brush cover index.  The tree further 
classified pixels described in the coarse map as either herbaceous and wooded range 
cover into heavy, moderate, and light brush or herbaceous range depending on the 
corresponding data from the brush cover index. 
To verify the accuracy of the classification scheme, 25 random points, located 
within visual range (20-m) of accessible public roads, were selected within the Upper 
Guadalupe River Watershed.  Each site was located with the use of a handheld GPS 
receiver, visited, photographed, and documented for comparison to the derived land 
cover set.  In all, 2 bare soil, 2 light wooded, 6 moderate wooded, and 15 heavy wooded 
sites were selected by random point generation.  Each accessible site was studied for its 
likeness to the assigned land cover. Errors were evaluated to recognize trends in the 
flaws of the classification methodology. 
 
Results and Discussion 
 The results of the brush cover analysis for the Upper Guadalupe River watershed 
are shown in Table 2-1.  Approximately 88.8% was determined to be covered by various 
levels of wooded growth.  Upon observation, it is easy to determine that heavy wooded 
growth (cover > 50%) makes up the single largest land cover class for the basin with 
coverage of 55.5%.  Moderate brush (cover 20-50%) was also found to cover a sizable 
area (26.3%), with light brush (cover 5-20%) being the third most prevalent land cover 
consisting of 7.0% of the watershed.  Pure, herbaceous rangeland accounted for only 
2.2% of the watershed and was actually estimated to cover less area than bare soil and 
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rock (2.4%).  Figure 2-5 highlights the disparity between herbaceous rangeland and the 
heavy brush covered area of the Upper Guadalupe River watershed. 
 
 
Figure 2-5. Spatial distribution of (a) herbaceous range, and (b) heavy, moderate, and 
light brush in the Upper Guadalupe River watershed as determined by remote sensing 
shown by dark regions. 
 
 Other land cover classes also made up small portions of the basin area.  Urban 
covers consisted of less than 1% of the total watershed while combined agricultural 
classes (“pasture/hay”, “row crops”, and “small grains”) made up approximately 8% of 
(a) 
(b) 
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the region.  These values are considered reasonable, given the nature of the watershed’s 
dominant land use of various rangeland varieties for ranching purposes.  Water was 
identified to cover approximately 1.2% of the watershed and consisted primarily of the 
surface of Canyon Lake. 
 
Table 2-1.  Coverage of land classes in the Upper Guadalupe River basin as determined 
by classification of remote sensing imagery. 
Land Use Description Area Area 
  (km2) (%) 
   
Heavy Wooded 2076.299 55.5 
Moderate Wooded 983.085 26.3 
Light Wooded 262.629 7.0 
Bare Rock/Sand/Clay 91.257 2.4 
Grasslands/Herbaceous 82.758 2.2 
Small Grains 67.747 1.8 
Pasture/Hay 50.226 1.3 
Water 43.615 1.2 
Urban/Recreational Grasses 25.360 0.7 
Row Crops 23.834 0.6 
Quarries/Strip Mines/Gravel Pits 15.229 0.4 
High Intensity Residential 12.382 0.3 
Commercial/Industrial/Transportation 7.094 0.2 
Low Intensity Residential 0.721 0.0 
 
 
Evaluation of Classification Methodology 
 Because of a lack of public access, only 22 of the 25 original verification points 
were reachable for survey.  Of these points, 18 were determined to be accurate 
classifications, yielding an overall efficiency of 81.8%.  The performance of the 
classification process varied considerably for different land cover classes (Table 2-2).  
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The most notable errors occurred in the classification of neighboring heavy and light 
brush regions as moderate wooded cover.  This incorrect classification of regions as 
moderate wooded cover was because of a consequence of the window used for deriving 
the brush index from the classified aerial photography.  As previously discussed, an 
averaging effect occurred when the degraded pixel fell over both a region with a large 
number of “wooded” pixels and another region with relatively few “wooded” pixels.  
Since the process was incapable of delineating the border between these two covers, the 
values were averaged to yield a classification of moderate wooded cover.  This 
phenomenon was found to be relatively common in many areas where sharp contrast 
existed between regions of heavy brush and either light brush or open range.  However, 
the effects were somewhat less apparent than with the process described by Wu et al. 
(2001) where the phenomenon was present at all such boundaries. 
 
Table 2-2.  Results of ground-truth verification of the remote sensing derived land cover 
map of the Upper Guadalupe River basin. 
  Bare Soil Light Moderate Heavy Total 
 and Rock Wooded Wooded Wooded  
    (5-20%) (20-50%) (>50%)   
      
Points Selected 2 2 6 15 25 
Points Observed 2 2 4 14 22 
      
Correctly Identified 2 2 1 13 18 
      
Percentage Successful (%) 100.0 100.0 25.0 92.9 81.8 
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 The significance of this problem depends on the final use of the derived product.  
For brush management purposes, the occurrence of incorrectly classified moderate 
wooded land cover regions created by this effect may or may not have a significant 
impact on the ability to spot prime regions for control, dependent mostly on the scale of 
the region being studied.    Because of this, the methodology would be better suited for 
examining vegetation change on a larger scale rather than that examined by an individual 
land owner.  For hydrologic modeling, the way that the separate land covers are 
characterized may make the errors inconsequential.  For example, if parameters for 
heavy, moderate, and light brush are varied linearly by an approximation of cover for 
each class, one larger pixel of moderate brush land cover would be hydrologically 
comparable to a combination of smaller regions of light and heavy brush.  A similar 
assessment could be made for biogeochemical studies. 
 However, there still exists a need to better characterize the differing levels of 
wooded cover without transitional effects between different classes of brush.  One 
possible solution to this problem would be the creation of logical regions for zonal 
analysis.  Where 60-m zones were used in this study to determine a percentage of 
wooded cover, zones could potentially be derived from lower resolution imagery such as 
the Landsat datasets used in deriving the coarse land cover product.  By utilizing an 
unsupervised classification technique, such as ISODATA, spectrally homogeneous 
zones could be created that would better delineate logical zones of differing cover than 
the fixed pixel used here or the moving window utilized by Wu et al. (2001). 
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 Another problem identified in the ground verification process was identified 
when a site that was classified as moderately wooded was actually found to be 
dominated by sparse wooded cover.  At the site in question (29° 58’ 44” N; 98° 37’ 19” 
W), a number of small juniper were found in an even, low density pattern that did not 
appear to warrant the classification of moderate cover.  A likely source of this problem 
may arise from the resolution of the aerial photographs used.  A small juniper or similar 
species comprises an area far less than 2.5 m2 but may significantly affect the spectral 
combination of the pixel enough to classify the entire region as wooded.  This could 
dramatically overestimate the extent of cover on a small scale.  If this occurs in a number 
of closely located pixels, the classifier may define the area as having a higher cover 
density than is truly present.  The most obvious solution to this issue is the use of higher 
resolution images.  In this case, using the DOQs at their native 1-m resolution would 
probably yield better results for these situations.  Of course, with data at this resolution, 
computational power becomes an issue and brush index analysis would better lend itself 
to smaller scale analysis (perhaps at the county-wide level) that could later be 
incorporated for the study of an entire watershed. 
 Overall, the procedure returned reasonable results by combining information 
from two different scales, even without the use of ground-truth data collection prior to 
classification.  The derived product is easily producible and the methodology is a 
powerful tool in characterizing a variety of land covers.  Further enhancements to the 
procedure may increase the accuracy may be increased and yield an even more effective 
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instrument in studying the effects of woody plant encroachment in the rangeland 
environment. 
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CHAPTER III 
MODELING THE EFFECTS OF BRUSH MANAGEMENT FOR INCREASING 
WATER YIELD ON THE EDWARDS PLATEAU, TEXAS 
 
Synopsis 
 In this study the Soil and Water Assessment Tool (SWAT) was used to evaluate 
the influence of woody plants on water budgets of semiarid rangelands in karst terrain.  
The model was configured for the hydrologic evaluation of the North Fork of the Upper 
Guadalupe River watershed in central Texas and was calibrated and validated using 
existing flow data for the period between 1997 and 2002.  Nash and Sutcliffe fit 
efficiencies for daily and monthly validation periods were 0.09 and 0.50, respectively.  
The resulting output produced streamflow, baseflow, and ET rates that were comparable 
to published field data.  However, simulated deep recharge was considerably higher than 
the published values for the Edwards Plateau.  The calibrated model was then used to 
simulate conditions with existing brush cover and four different brush removal 
scenarios.  One scenario represented maximum brush removal, with the three remaining 
simulations each representing an emphasis for removing brush from only locations that 
were either covered by heavy brush (> 50%), on a moderate slope (8-15%), or shallow 
soils (depth < 0.75 m).  The resulting data was compared to previous studies of both 
field experiments and model simulations.  Maximum brush removal resulted in a 
reduction in evapotranspiration equal to 31.94 mm yr-1 depth over the entire basin or 
46.62 mm yr-1 depth over the treated area.  Removal from only sites with heavy brush 
 28
cover resulted in the greatest changes in evapotranspiration, surface runoff, baseflow, 
and deep recharge.  Slope was found to have the greatest effect on lateral subsurface 
flow. 
 
Introduction 
Over the past century, the encroachment of wooded plant species into semiarid 
grasslands and savannahs has occurred on a global scale (Humphrey, 1958; Archer et al., 
1988; Archer, 1989; Van Auken, 2000).  Van Auken (2000) attributes this change to 
overgrazing and subsequent change in fire regimes.  These changes have potentially 
important consequences for both water and biogeochemical cycling (Pascala et al., 2001; 
Huxman et al., In Press) as well as rangeland health (Rollins, 1988; Dye et al., 1995; 
TAEX, 1998). 
The issue of potential changes to water budgets, principally streamflow and 
recharge, is of particular importance and interest for many semiarid regions (Wilcox, 
2002).  For example, Owens (1996) estimated from small plot studies that species such 
as ashe juniper (juniperus ashei) can consume 37.5 to 93.5 mm yr-1.  The effect of ET is 
further enhanced by the interception characteristics of woody species (Young et al., 
1984; Thurow et al., 1987; Owens et al., 2001).  Extrapolation of these results to larger 
scales results in a potentially enormous quantity of water consumed by woody plants.  
However, field verification of these results at large scales is notably absent and may not 
even be attainable.  For this reason, evaluations at larger scales have relied primarily on 
model simulations. 
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Bednarz et al. (2000) modeled eight Texas watersheds using the Soil and Water 
Assessment Tool (SWAT) and predicted increases in water yield by as much as 160.9 
mm yr-1 as a result of reducing shrub cover.  Highest predicted increases were for 
watersheds within the Edwards Plateau.  In another modeling assessment on the Edwards 
Plateau, Wu et al. (2001) used the Simulation of Production and Utilization of 
Rangelands (SPUR-91) model to evaluate management in the Cusenbary Draw basin of 
Texas using a variety of brush control scenarios.  All of the tested control simulations 
indicated decreased evapotranspiration (ET) and increased water yield from brush 
control with potential yield increases of up to 100%.  In another study, simulation of the 
Upper Seco Creek using the Hydrological Simulation Program FORTRAN (HSPF) 
exhibited impressive increases in both runoff and interflow following brush removal for 
a number of subbasins (Brown and Raines, 2002).  Arrington et al. (2002) demonstrated 
a potential for increasing water yields through brush cover reduction while retaining 
ecological value in rangelands. 
In general, modeling studies support the concept that reducing shrub cover 
results in increases in either streamflow or recharge for Texas rangelands.  These 
optimistic forecasts, however, have not been commonly validated by field studies.  In a 
review of available field studies, Wilcox (2002) argues that there was little potential for 
increasing water yield on mesquite rangelands where soils are relatively deep.  For 
example, in one particular study near Throckmorton, Texas, the Bowen Ratio Energy 
Balance (BREB) measured ET from sites treated with the removal of honey mesquite 
(Prosopis glandulosa) was found to be only slightly less than control sites with the 
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wooded plants still in place (Dugas and Mayeux, 1991).  In contrast, the greatest 
potential is likely to be on rangelands where soils are shallow and underlying parent 
material is relatively permeable.  For example, Dugas et al. (1998) found that in the Seco 
Creek watershed measured ET was lower following removal of ashe juniper.  However, 
the effect was short lived, lasting only two years. 
 In this study, we seek to expand and refine previous SWAT modeling studies by 
calibrating and simulating daily streamflow rather than monthly streamflow.  This was 
done to insure that daily baseflow contribution to the stream is more accurately 
simulated.  Matching these flows as closely as possible is important because if shrubs are 
affecting streamflow through transpiration losses, it is more likely to be expressed in the 
low, continuous baseflows rather than as surface runoff during large flood events. 
 
Optimizing Brush Management for Water Yield 
Theoretically, there are certain site attributes that may optimize water yield increases if 
management does, indeed, produce beneficial results.  It is in these locations that any 
possible saving in the water budget would be most noticed. 
The steeper slopes may be most sensitive to changes in overland flow.  Wright et 
al. (1976) documented increases in overland flow from moderate and steep slopes 
following the removal of wooded species using fire.  Likely, the increases in overland 
flow were a direct result of lower soil infiltration following burning rather than a direct 
effect of shrub removal.  Slope may be considered an important factor for increasing 
water yield if overland flow is a significant source of the water yield.  However, this 
 31
circumstance is often not observed in semi-arid range watersheds where runoff may 
represent less than 5% of the total water budget (Dugas et al., 1998).  In addition, from a 
management perspective, it is not desirable to increase overland flow because of the 
resulting site degradation form erosion as well as decreases in water quality. 
Reducing the thickest regions of brush may also yield the greatest benefit due to 
decreased interception and ET associated with removal of leafy, deep rooted plants 
(Wilcox, 2002).  Shallow soils that allow ready entry of water to the subsurface may also 
be beneficial for effective brush control (Wilcox, 2002).  When coupled with a fractured 
geologic substrate, infiltration can bypass the root zone and not be available for plant 
transpiration.  This would result in increased subsurface flow that may add to stream 
flow through base flow return or contribute to the recharge of a regional aquifer. 
This study provides a model based approach to examine the potential effects of 
brush removal on water yield and the influence of factors that may contribute to 
increased water yields. The Soil and Water Assessment Tool (SWAT) model was used 
to characterize different varieties of rangeland cover and simulate the effects of brush 
clearing in a semiarid range watershed.  The effects of hill-slope, cover density, and soil 
depth on increasing water yield through brush control were simulated.  These 
characteristics were evaluated on a watershed scale to determine the most favorable 
locations for increasing water yield through brush management.  
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Methods 
 
Study Area 
The watershed associated with the North Fork of the Upper Guadalupe River 
(NFUGR) (Figure 3-1) was chosen for this study due to the many ideal brush control 
characteristics such as thin soils, heavy brush cover, and porous geologic substrate.  The 
United Stated Geological Survey (USGS) gauge #08165300 defines the outlet of this 
36,000 ha watershed and provided a reliable average daily stream flow record. 
 
0 3 6 9 121.5
Kilometers
¯
#
Watershed Outlet
USGS Gauge #08165300
 
Figure 3-1.  The location and stream network of the North Fork of the Upper Guadalupe 
River, Texas, with SWAT model subbasins also shown. 
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Average annual precipitation in the watershed was found to be approximately 
710-760 mm (PRISM, 2002) making it an ideal location for brush management 
according to the proposed rainfall threshold for vegetation replacement set forth by 
Hibbert (1983).  Temperatures vary from a high average temperature of 27° C in July to 
a low monthly average of 8° C. 
Terrain in the watershed is generally hilly with rocky outcrops.  Rangeland 
makes up the predominant land cover, most of which is covered with woody plants.  
Soils are generally shallow and overlie fractured Edwards limestone formations (Texas 
Bureau of Economic Geology, 1982 and 1986; Mace et al., 2000).  Ranching is the 
major agricultural practice except in the deeper soils along streams that allow for tillage.  
The NFUGR watershed is representative of many watersheds in the Edwards Plateau 
that provide ideal opportunities for brush control. 
 
Model Selection 
The SWAT model was selected for this study due to its ability to simulate the 
effects of land management practices on large watersheds through physically based 
parameterization (Arnold et al., 1993; Arnold et al., 1998).  The ability of the SWAT 
model to simulate biomass production and evapotranspiration for many land covers is 
very important for hydrologic studies related to brush management.  Therefore the 
SWAT model has a distinct advantage over less physically based models such as HSPF.  
In addition SWAT has the ability to accept detailed data sources such as soil 
depth, slope, and land cover that can be entered into the model through the use of GIS 
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data layers (Bednarz et al, 2000; Saleh et al., 2000, Arrington, 2002).  Additionally, 
through the use of Hydrologic Response Units (HRUs), SWAT is able to model multiple 
unique combinations of land cover and soil types in a subbasin and to best take 
advantage of the benefits of highly detailed GIS data sources (Cho and Lee, 2001; 
Muttiah and Wurbs, 2002). 
Finally, the model’s comprehensive analysis of the hydrologic cycle, including 
climate effects, overland and subsurface flows, ET, and groundwater flow routines, 
provides a detailed water budget.  This allows for the partitioning of increases in water 
yield from brush control to specific components of the hydrologic cycle. 
 
Model Modifications 
A modified version of SWAT 2000 for ArcView was used in this brush control 
study.  Curve number (CN) values were based upon antecedent weather rather than 
antecedent soil due to the very thin soils throughout the watershed.  This resulted in 
better control of the surface runoff to the NFUGR.  Additionally, the model was also 
modified to allow for the rapid movement of percolated water through the shallow 
aquifer to deep aquifer storage.  This was necessary to simulate the rapid movement of 
infiltration through the karst, fractured limestone in the watershed.  After this change 
was made, simulated baseflows closely matched recorded stream flow data.  This 
modification calculated baseflow (Qgw,i) from the previous day’s baseflow (Qgw,i-1), the 
baseflow recession constant (αgw), the time interval (t), the quantity of water percolated 
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past the root zone (wrchrg), and the amount of percolate entering the deep aquifer (wdeep) 
and is given by, 
( )( )tdeeprchrgtigwigw gwgw ewweQQ ∆⋅−∆⋅−− −−+⋅= αα 11,,    (1) 
In contrast, the original SWAT algorithm determined baseflow from the total amount of 
water infiltrating through the soil profile and did not allow for the immediate release to 
deep groundwater (Neitsch et al., 2001).  
 
Model Inputs 
The land cover inputs for the model were obtained through an analysis of remotely 
sensed satellite (Landsat Enhanced Thematic Mapper Plus) and aerial images.  The brush 
was classified as heavy (>50%), moderate (20-50%), and light (5-20%) based on the 
percentage of land covered by woody plants.  The results of the brush cover analysis 
indicated that the watershed is primarily made up of heavy and moderate brush cover 
classes with some locations of light brush, herbaceous range, and bare soil (Jason 
Afinowicz, Unpublished data).  The model parameters used to simulate these brush 
classes were largely adapted from previous studies (Bednarz et al., 2000; Arrington et 
al., 2002).  However, important values such as leaf area, growth extents, and interception 
were compared to other published data and found to be within a reasonable range (Hicks 
and Dugas, 1998; Keith Owens, Professor, personal communication with author, 27 
October 2003). 
The watershed topography used in the model simulations was obtained from the 
National Elevation Dataset (NED) at a scale of 1:24,000 with a vertical resolution of 
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0.001 m (USGS, 1995).  This data was used for a multitude of purposes in characterizing 
the North Fork watershed.  The data was used to delineate the subbasins of the NFUGR 
watershed for use in the SWAT model.  In addition, the NED was used in a GIS analysis 
of slopes in the watershed.  This additional slope information was used to further divide 
each class of heavy, moderate, and light wooded cover and herbaceous range into three 
individual slope dependent sub-classes, described as either mild (0-8%), moderate (8-
15%), or steep (>15%).  For example, an area classified as moderate brush cover and a 
10% slope would be re-categorized into a classification of moderate brush cover and 
moderate slope.  The advantage to this process is the ability to vary curve numbers 
according to slope.  This process is not automatically carried out within SWAT, but can 
be performed to better parameterize the effects of slope on runoff characteristics 
(Neitsch et al., 2001).  The adjusted curve number for moisture condition II (CN2S) was 
found using the original curve number va 
lue (CN2), the curve number for moisture condition three (CN3), and surface 
slope (slp) by, 
( ) ( )[ ] 2232 86.13exp213 CNslp
CNCN
CN S +⋅−⋅−⋅−=
           (2) 
These modified curve numbers were then be entered into the SWAT land cover 
database.  Though land covers of the same cover class would have the same growth 
parameters, each subcategory, as adjusted by slope, would have appropriate curve 
number values substituted for the original CN2 numbers. 
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 Soil data for the model simulations was obtained from the NRCS Soil Survey 
Geographic (SSURGO) database that provided detail in scales ranging between 1:12,000 
to 1:24,000 (NRCS, 1995).  This data provided the most complete and detailed soil data 
for North America and has been used successfully in a number of studies requiring detail 
for small watersheds (Bednarz et al., 2000; Arrington et al., 2002; Muttiah and Wurbs, 
2002).  These electronic soil surveys for Kerr and Real counties were mosaicked and soil 
attributes were assigned according to primary soil type from a prepared, user defined, 
soil database (Bednarz et al., 2000). 
 The National Hydrography Dataset (NHD) was utilized to aid in delineation of 
streams and subbasins in the NFUGR watershed.  Climate information for a 15 year 
period (1987-1991) was obtained from the National Climate Data Center (NCDC), 
(NCDC, 2003).  Daily rainfall from two weather stations (9.6 km and 26.7 km from the 
NFUGR watershed) and daily maximum and minimum air temperatures form one station 
(9.6 km from the NFUGR watershed) were used as inputs for the SWAT model 
simulations. 
 
Model Configuration 
Pre-processing and model setup was carried out with the aid of the EPA Better 
Assessment Science Integrating Point and Non-Point Sources (BASINS) software 
package.  The watershed was delineated using the NED with a 2,000 ha threshold that 
divided the watershed into a series of 11 subbasins. The main watershed outlet was 
located at USGS gauge #08165300 on the NFUGR near Ingram, Texas. 
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Land cover was entered into the BASINS interface as a 30 m resolution grid and 
linked to the land cover and plant growth databases through a lookup table.  Soil data 
was entered as a vector dataset, rasterized by the interface, and then linked to soil 
parameters using methods similar to the land cover set.  HRUs were then developed 
using 0% thresholds for both land cover and soil components.  In effect, this forced the 
model to simulate every combination of soil and land cover type found within the 
watershed, rather than removing those that were considered non-significant.  Though 
more computationally intensive, this was deemed necessary to take into account the 
detail of the parameters being tested.  Precipitation and temperature datasets were 
entered along with the standard SWAT weather generator database for the United Sates.  
The SWAT default values for Manning’s roughness coefficient were used for the stream 
channels.  Potential Heat Units (PHUs) within a range of 3195 to 4459 were manually 
assigned each land cover class depending upon the level of brush cover to characterize 
seasonal growth (Bednarz et al., 2000). 
The SWAT model simulated runoff using the NRCS Curve Number method and 
daily potential evapotranspiration values were calculated using the Priestly-Taylor 
method.  A SWAT subroutine for crack flow in clay soils was enabled to simulate 
preferential flow in the fractured limestone and the SWAT water quality and channel 
degradation processes were disabled.  The resulting model output was read on a daily 
time step. 
The use of daily simulations stems from two important considerations.  First, 
watershed processes, such as baseflow contribution to streams, cannot be properly 
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assessed at monthly or yearly scales time.  Baseflow is more obvious at the daily time 
step and modeling on a daily basis better ensures a proper calibration.  The second 
consideration is what Beven (2001) describes as the “uniqueness” of a model or a 
particular model calibration.  It can be assumed that for any complex model there may 
be multiple solutions that would yield similar results.  However, this does not guarantee 
that each model would be an equal predictor for every possible scenario, only the 
scenario that was used for calibration.  Conceptually, a way of lessening the severity of 
this limitation, but not entirely remove this problem, would be to make the calibration 
criteria more stringent.  One manner of doing this would be to compare model outputs 
with a greater number of data points from daily data rather than monthly averages.  
Fluctuating errors on a daily scale may very well average out and mistakenly provide a 
proper fit for a monthly calibration. 
 
Model Calibration and Validation 
The 15-year climate record obtained for the study was divided into three distinct 
phases.  The first five years were used as a model “warm up” period to allow the model 
parameters to adjust to the watershed characteristics.  Calibration was performed for the 
time period following the 5 year model “warm up” period; between 1 January 1992 and 
31 December 1996.  Validation was performed from 1 January 1997 to 30 September 
2003. Results of both phases were compared to average streamflow on a daily basis 
using the Nash and Sutcliffe (NS) statistic (Nash and Sutcliffe, 1970).  As secondary 
considerations, root mean square (RMS) error was minimized and the coefficient of 
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determination maximized where possible without reducing the NS statistic.  
Consideration was only given for optimizing these values for monthly flows when they 
did not reduce the fit for daily measurements.   
Wherever possible, existing information was used to calibrate the model.  The 
baseflow recession constant (α) was determined through filter analysis of stream gauging 
records for the entire time period (Arnold et al., 1995; Arnold and Allen, 1999).  The use 
of this parameter in the SWAT model is described in Equation 1.  Additional published 
data was used to determine reasonable values for variable calibration to provide the best 
possible fit within ranges that were reasonable for the watershed. 
 
Simulation of Management Scenarios 
The original land cover map derived for this study was processed according to 
site characteristics to provide a total of five scenarios to be simulated with the calibrated 
and validated model (Table 3-1).  Simulation of brush removal was performed by 
removing heavy and moderate regions of brush and replacing them with light brush.  The 
choice of light brush for post-treatment land cover, rather than herbaceous range, was 
made in order to represent treatment with reasonable amounts of regrowth and also to 
simulate a typical management practice of leaving some cover (mostly live oak) for 
wildlife and aesthetic interests.  Only the input land cover maps were altered between 
simulations and all other model parameters remained the same to evaluate the effects of 
the brush management scenarios. 
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The “No Removal” scenario represented the control simulation that was used in 
the calibration and validation processes and was the basis for comparing the effects of 
the various brush removal scenarios.  The “Maximum Removal” scenario removed all 
brush except that on steeply sloped areas (slopes greater than 15%) and that within a 75 
m buffer strip on either side of streams as recommended by Arrington et al. (2002).  
These areas were exempt from brush removal in all scenarios as they were deemed 
sensitive on a basis of safety or wildlife management.  The “Slope Focus” scenario 
represented woody plant removal only on moderate slopes (8-15%).  In the “Brush 
Cover Focus” scenario, only heavy cover was removed and moderate brush was left 
untouched.  Finally, the “Soil Depth Focus” scenario only removed brush from regions 
with a soil depth of less than 0.75 m to demonstrate the effects of shallow soils.  The 
resulting areas of heavy, moderate, and light brush for each scenario are shown in Table 
3-2. 
 
Table 3-1.  Summary of brush control strategies used for each SWAT model simulation 
scenario. 
Moderate Heavy Shallow
No Brush Wildlife Slope Brush Soil
Scenario Removal Restrictions (8-15%) (>50%) (<1 m)
No Removal •
Maximum Removal •
Slope Focus • •
Brush Cover Focus • •
Soil Depth Focus • •
Focusing Criteria
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Table 3-2.  The areas of heavy, moderate, and light brush and other land covers used for 
each SWAT simulation scenario.  The areas described sum to the total watershed area 
for each scenario. 
Heavy Moderate Light Other
Brush Brush Brush Land 
(>50%) (20-50%) (5-20%) Cover
Scenario (ha) (ha) (ha) (ha)
No Removal 23,680 13,978 3,437 2,215
Maximum Removal 5,305 2,679 33,110 2,215
Slope Focus 22,723 13,716 4,654 2,215
Brush Cover Focus 5,305 13,978 21,811 2,215
Soil Depth Focus 21,100 12,330 7,663 2,215  
 
Results and Discussion 
 
Calibration and Validation 
The calibration phase of the project yielded a daily NS fit efficiency of 0.4 for 
the five year period from January 1992 to December 1996 and the validation resulted in 
an efficiency of 0.09.  The NS fit for monthly values for the calibration and validation 
phases were 0.29 and 0.50, respectively.  These values demonstrated that the model 
actually performed better for the validation period than for the calibration period for 
which it was parameterized for.  A graphical comparison of simulated and measured 
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streamflow from January 1992 to December 2001 is shown in Figure 3-2.  The 
calibration and validation simulations provided a reasonable fit to measured stream data 
for most daily baseflows, but provided less successful characterization of large flow 
events.   
The major difficulty in configuring the model for use in the NFUGR watershed 
was the nature of surface runoff.  Baseflow to the stream was typically continuous but 
very low throughout the year.  However, streamflow was periodically punctuated by 
very high flood flows from large, atypical rainfall events that overwhelm the water 
holding capacity of the watershed and results in large magnitudes of surface runoff.  
Adequately simulating baseflow and low flow conditions in order to assess the 
hydrologic effects of brush control resulted in model parameters that under-predicted 
very high peak flows.  The parameters adjusted during the model calibration are shown 
in Table 3-3. 
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(a)
(b)
 
Figure 3-2. Comparison of SWAT simulated stream flow and measured stream flow at 
the outlet of the NFUGR watershed (USGS gauge number 08165300) for (a) calibration 
and (b) validation periods of record. 
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TABLE 3-3. SWAT model parameters before and after calibration of the model to 
conditions in the NFUGR watershed between 1992 and 1997. 
Parameter* File Pre-calibration Post-Calibration
GWDELAY (days) .gw 31.0 0.0
BF_ALPHA .gw 0.0480 0.0038
REVAPMN (mm) .gw 1.0 70.0
RCHRG_DP .gw 0.05 0.78
CH_K1 (mm/hr) .sub 0.5 40.0
CANMX (mm)** .hru 0.0 1.27, 3.56, 7.62
ESCO .hru 0.00 0.70
ICN .bsn 0 1
CNCOEF .bsn 1.00 0.01
*Refer to text for a description of each parameter.
**Calibrated values are for light, moderate, and heavy brush, respectively.
Value
 
 
The delay between groundwater percolation and entry into the shallow aquifer 
(GWDELAY) was reduced to zero days to reflect the highly permeable karst geology 
and this value was later validated through subsequent calibration iterations.  The 
baseflow recession constant (BF_ALPHA) of 0.0038 was obtained from the baseflow 
filter results and proved to be optimal following several iterations of the model when 
alternative values were tested.  A deep recharge (RCHRG_DP) value of 0.78 was 
determined during the model calibration process.  This permitted 78% of the percolated 
water to bypass the shallow aquifer and enter the deep, regional system thereby reducing 
baseflow to match measured values.  This large recharge value is needed to simulate the 
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rapid downward movement of water into the karst Edwards limestone that underlies the 
watershed.   
The saturated hydraulic conductivity for the tributary channels (CH_K1) was set 
at a relatively high value of 40.0 mm hr-1 to facilitate the entry of surface runoff into the 
stream channel profiles.  The value reflects the field experiments and approximations 
made by Peter Waldo (Unpublished data, 2002) on several watersheds in the Edwards 
Plateau region.  Later simulations indicated this value of 40.0 mm hr-1 to be beneficial to 
model calibration. 
The maximum canopy interception (CANMX) for various levels of brush cover 
was determined from field data collected from ashe juniper in the Edwards Plateau 
region and adjusted for the different quantities of brush cover (Owens et al., 2001).   
The model also used antecedent weather to adjust curve numbers rather than soil 
moisture by setting the proper switch (ICN) to a value of 1.  A weighting factor for this 
method (CNCOEF) was set to 0.01.  These changes resulted in a reduction of surface 
runoff to match measured runoff values.  The minimum shallow aquifer level for re-
evaporation to occur (REVAPMN) was adjusted to prevent over drafting of the shallow 
aquifer and the associated drop in baseflow.   
Finally, the soil evaporation coefficient (ESCO) was adjusted within a reasonable 
range to maximize the NS fit.  The SWAT manual provided information in guiding the 
adjustment of this parameter. 
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Water Balance for Control Scenario 
The ten-year water budget produced by the model simulations (Table 3-4) 
compares well to data published from other studies.  Evapotranspiration in the “No 
Removal” scenario was predicted by SWAT to account for 61.3% of annual 
precipitation.  This figure is comparable to the 65% measured in the field during a five 
year study on a juniper covered site on the Edwards Plateau using the Bowen ratio-
energy balance method by Dugas et al. (1998).  In addition, annual simulated ET 
changes due to annual variation in precipitation (Figure 3-3) was compared to values 
from the Dugas et al. (1998). This comparison showed a similar trend of increasing ET 
with increasing annual precipitation.  The values of simulated ET as a percentage of the 
water budget are low compared to other ET estimates for semi-arid landscapes.  These 
low values for ET may be caused by the rapid movement of water through the karst 
geology to the subsurface beyond the surface rooting zone.  The ET values measured by 
Dugas et al. (1998) were also used for calibration of the HSPF model by Ockerman 
(2002).  This USGS study of runoff and recharge in the Edwards Aquifer recharge and 
catchment area resulted in average simulated ET rates of between 50.0% and 76.7%, for 
ten watersheds. 
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Table 3-4. The ten-year average water balance for the “No Removal” scenario compared 
to published information. 
Simulated Published Reference
(mm) (mm)
(%) (%)
Precipitation 774.54
100.00
ET 474.85 503.45 Dugas et al., 1998
61.31 65.00
Streamflow 80.41 89.38 USGS, 2003
10.38 11.54
Baseflow 63.71 53.07 - 58.70 Baseflow analysis
to Stream 8.23 6.85 - 7.57 of USGS, 2003
Lateral Flow 15.88
to Stream 2.05
Runoff 0.82
to Stream 0.11
Deep Aquifer 219.08
Recharge 28.28  
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Figure 3-3. Comparison of SWAT simulated ET rates as a function of annual 
precipitation for the NFUGR watershed for the period between 1992 and 2001. 
 
The volume of streamflow recorded at the outlet of the NFUGR watershed 
between 1992 and 2002 accounted for 11.54% of the total simulated model rainfall 
(USGS, 2003).  Comparably, the model simulated 10.51% of total precipitation as 
streamflow.  A baseflow analysis of the measured hydrographs determined that the 
contribution of ground water to NFUGR ranged from 66% and 73%.  The model 
simulations resulted in 79.23% of annual streamflow originating from groundwater as 
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baseflow.  This higher than expected value is most likely due to the suppression of the 
high peak flows that was necessary for the model to adequately predict daily streamflow.   
The simulated recharge estimate of 28.28% of annual rainfall to deep 
groundwater is higher than other published values.  Recharge estimates from stream 
hydrograph analysis for the Trinity Aquifer are generally around 7% (Kuniansky and 
Holligan, 1994).  Mace et al. (2000) proposed a recharge quantity of 6.6% of annual 
precipitation derived from groundwater modeling studies.  The actual recharge volume 
for the Edwards Plateau cannot be directly measured and it is often assumed that 
virtually all precipitation is expressed as either streamflow or ET and very little water 
enters the deep, regional aquifer (Reed et al., 1997).   
One possibility is that the simulated ET values are too low due to the model not 
properly expressing the uptake of water through roots permeating the fractured substrate.  
This water is then allocated to the deep aquifer in order to maintain sensible streamflow.  
However, as discussed previously, simulated ET is in the range of field measured values 
for juniper by Dugas et al. (1998).  Though questions arise as to the accuracy of ET 
measurements using the BREB method, studies have consistently shown a high level of 
replication between BREB instruments in the field (Dugas and Mayeux, 1991; Dugas et 
al., 1998).   Local geologic characteristics may also play an important role in allocating 
water to subsurface systems.  The NFUGR watershed is underlain by Edwards limestone 
formations with relatively porous features that are very similar to the exposed rock 
formations in the Edwards recharge zone (Rose, 1972).  A recent modeling study using 
HSPF for the streams that cross the Edwards aquifer recharge zone reported recharge 
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rates as high as 38% (Ockerman, 2002).  Though this would represent an extreme 
recharge rate, it demonstrates the potential for high recharge associated with favorable 
geologic conditions. 
 
Simulation Results 
The effects of brush removal on the components of the hydrologic cycle for each 
of the four management scenarios was assessed by comparing the change in the water 
budget with respect to the “No Removal” scenario shown in Table 3-4.  The hydrologic 
changes produces by the four management scenarios from the control are presented in 
Table 3-5.  All of the various brush control scenarios demonstrated marked decreases in 
ET, though the amounts varied.  The removal of heavy brush was found to cause the 
greatest decrease in ET with increases in surface runoff, baseflow, and recharge to the 
deep groundwater system when compared on a basis of change in depth over the 
treatment area.  Also, removal of brush from moderate slopes provided the greatest 
increases in lateral subsurface flow per area treated, though this may be the result of the 
model inappropriately characterizing subsurface flow conditions.  Focus upon shallow 
soil sites was not found to be the most important factor for increasing yield anywhere in 
the water budget, but was the second most important factor for increasing surface runoff, 
baseflow, and groundwater recharge.  Table 3-6 shows the focusing criteria ranked by 
effectiveness at modifying the water budget as a factor of change in water depth over the 
area of treatment. 
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Table 3-5. Change in ten year cumulative water balance for each of the brush removal 
scenarios as described by depth over the entire watershed, depth over the treatment area, 
and percent change in depth over the entire watershed. 
Maximim Removal Slope Focus Brush Cover Focus Soil Depth Focus
(Watershed mm)* (Watershed mm)* (Watershed mm)* (Watershed mm)*
(Treated mm)** (Treated mm)** (Treated mm)** (Treated mm)**
(%) (%) (%) (%)
ET -319.41 -12.99 -206.88 -44.45
-466.20 -462.28 -487.64 -455.43
-6.73 -0.27 -4.36 -0.94
Baseflow 61.31 6.31 39.93 8.50
to Stream 89.49 89.49 94.12 87.09
9.62 0.34 6.27 1.33
Lateral Flow 14.00 2.46 10.09 1.46
to Stream 20.43 87.54 23.78 14.96
8.82 1.55 6.36 0.92
Runoff 23.77 0.82 16.25 3.57
to Stream 34.69 29.18 38.30 36.58
288.82 9.96 197.45 43.38
Deep Aquifer 210.23 7.41 135.85 29.28
Recharge 306.84 263.70 320.21 300.00
9.73 0.34 6.29 1.35
*Indicates amount of change over watershed area
**Indicates amount of change over treated area for each scenario  
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Table 3-6. Ranking the significance of change to the water budget following treatment of 
areas selected due to steepness of slope, density of brush cover, and soil depth. 
ET Lateral Deep
Scenario Reduction Baseflow Flow Runoff Recharge
Slope Focus 2 2 1 3 3
Brush Cover Focus 1 1 2 1 1
Soil Depth Focus 3 3 3 2 2  
 
Evapotranspiration was reduced by an average depth of 46.62 mm yr-1 over the 
area treated when heavy and moderate brush was completely removed from all locations 
not within the sensitive areas (steep slopes and riparian areas).  Dugas et al., (1998) 
discovered a change of approximately 91.25 mm yr-1 in ET for the first two years 
following treatment and 25.55 mm yr-1 for the three years following treatment.  The ET  
value of 46.62 mm yr-1 also falls within the water consumption range that Owens (1996) 
measured for individual juniper trees. 
Evapotranspiration reduction from this study is lower, in comparison to previous 
simulation studies.  For instance, the SWAT simulation of the Pedernales River 
watershed by Bednarz et al. (2000) determined the decrease in ET from partial removal 
of heavy and moderate juniper to be as high as 146.64 mm yr-1 as a depth over the 
treated area.  This may be due to the manner in which the model was calibrated.  By 
calibrating for monthly flows, the Bednarz (2000) study may have allocated water in a 
significantly different way than in this study by overestimating surface runoff and 
underestimating baseflow.  This problem would not be noticed at the monthly time step.  
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Wu et al. (2001) estimated ET reduction by as much as 202.41 mm yr-1 in the western 
Edwards Plateau, a value that is considerably greater than the change noted in this study.  
However, HSPF simulations by Brown and Raines (2002) in the Upper Seco Creek 
watershed, reported a reduction in ET by 5 or 6% for each of the Seco Creek subbasins 
which is comparable to the 6.7% reduction found in this study.   
 
Conclusions 
The SWAT model simulations attempted to give a scientifically reasonable, 
process based approach for quantifying the hydrologic benefits of woody plant 
management.  These model simulations suggest hypotheses concerning the hydrologic 
impact of changes in shrub cover.  
 The resulting model simulations indicate that for juniper rangelands on the 
Edwards Plateau: 
1. Brush removal for reducing ET and increasing water yields is a potentially viable 
option, but to a lesser extent than predicted by other modeling studies.  
2. Removal of heavy brush rather than moderate brush cover is a key in reducing 
ET and increasing surface runoff, baseflow, and deep recharge. 
3. Removal of brush from moderate slopes was shown to increase lateral subsurface 
flows, though this may be due to the model’s limited ability to simulate the 
shallow, rocky soils of the region.  
4. The model demonstrated low sensitivity to soil depth as a factor for modifying 
water yield through brush removal. 
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5. The overall water balance simulated by the model suggests possibilities for 
recharge on the Edwards Plateau that are not commonly expressed in current 
literature and raises questions concerning the partitioning of water into ET and 
deep recharge that cannot be monitored as effectively as stream flow. 
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CHAPTER IV 
CONCLUSIONS 
 
 Analysis of the Upper Guadalupe River watershed provided a variety of useful 
information regarding wooded species and their effects on the rangeland water cycle.  
First, by demonstrating an efficient and effective methodology for assessing wooded 
cover through remote sensing, the extent of these species were mapped throughout the 
entire watershed.  Secondly, this information was used in conjunction with a hydrologic 
model, the Soil and Water Assessment Tool (SWAT), to estimate the effects that species 
removal may have upon the water balance of a subbasin of the Upper Guadalupe River 
watershed. 
 The method created for mapping brush, as well as other non-wooded species, 
was found to have an 81.8% success rate for distinguishing cover when tested through 
ground verification.  This value is comparable to the success of other, more intensive 
methods that have been used in the past and adds merit to the practicality of remote 
sensing of brush cover without traditional field data collection.  Additional 
recommendations made following completion of this project are sure to increase the 
classification success rate.  Study of the watershed indicated that as much as 88.8% of 
the basin was covered by some level of wooded growth, with 55.5% of total land cover 
being made up of heavy brush cover greater than 50%. 
 Hydrologic analysis with the resulting land cover product in the North Fork of 
the Guadalupe River was carried out with an emphasis placed upon combining data from 
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previous field measurements whenever possible.  Upon calibrating to Nash and Sutcliffe 
model fit efficiencies of 0.04 and 0.29 for daily and monthly measurements, 
respectively, validation demonstrated daily and monthly values of 0.09 and 0.50, 
respectively.  Simulated streamflow was comparable to measured data and the simulated 
percentage of flow originating from groundwater was found to be only slightly higher 
than expected from baseflow analysis. This is most likely due to the underestimation of 
surface runoff that was necessary to improve model fit for baseflow conditions.  Evapo-
transpiration was found to be within an acceptable range when compared to previously 
determined field measurements.  Deep ground water recharge was found to be higher 
than expected, though this may be an indicator of higher than average recharge within 
the North For watershed since other portions of the water budget were deemed to be 
within a suitable range. 
 The 10 year average reduction in ET for general brush removal without regard to 
focusing criteria was found to be 46.6 mm yr-1.  This value is comparable to the 
observations of Dugas et al. (1998) but less than that observed through simulation by 
Bednarz et al. (2000) and Wu et al. (2001).  Maximum reduction over the treated area 
was experienced with the removal of only heavy brush regions.  This focus on heavy 
brush was also found to most greatly increase runoff, baseflow, and recharge.  Removal 
on moderate slopes indicated the greatest increase in lateral flow, and also the greatest 
increases to total stream flow from this large increase in near subsurface flow.  
Management area selection by soil depth had only secondary effects in altering the water 
budget in comparison to brush cover and slope. 
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 Though the products of this research are of minimal use to the average land 
owner, the increasing interest in brush management from a public policy prospective 
creates a very wide audience for such information and tools.  Planners may benefit from 
the capability to quickly and efficiently gather information concerning the expansion of 
woody species in range environments and, perhaps, a better understanding of what 
characteristics are potentially most decisive in determining the success of brush control 
for water yield at a particular site.  However, the greatest use of the knowledge 
embodied within this project will hopefully be in the scientific community that aims to 
better understand brush interactions in rangelands.  Further and continuing field research 
holds the opportunity to greatly improve upon the model presented here through better 
models of important watershed processes and enhanced parameterization of those that 
already exist. 
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Introduction 
This report is an appendix to a greater study that incorporates satellite remote sensing 
imagery and aerial photography to produce a land cover product detailing brushy and 
herbaceous range cover in the Upper Guadalupe River watershed, Texas.  The 
methodology, utilizing traditional spectral training and classification techniques along 
with aerial photograph methods, is examined by way of randomly generated points to 
yield an understanding of the abilities of the proposed classifications scheme. 
 
The objectives of this report are to: 
A. Identify 25 ground-truth points in the Upper Guadalupe River watershed that are 
accessible form public roads. 
B. Determine the geographic coordinates and land cover class of each point. 
C. Visit each site to record field observations and take digital photographs of each 
point for comparison to the derived land cover set. 
D. Determine the actual land cover at each point and compare to the expected results 
of the land cover set. 
E. For each point where the actual land cover does not match the mapped land 
cover, perform an analysis to determine possible problems with the proposed 
methodology for land cove development. 
F. Perform an additional iteration of land cover derivation with the identified 
problems in mind if the results show a success rate of less than 80%. 
 
Procedures and Results 
Objective A: Identify 25 ground-truth points in the Upper Guadalupe River watershed 
that are accessible form public roads.  The geographic boundaries for the watershed 
were determined to be approximately between 29.77° and 30.27° N latitude, and 98.15° 
and 99.71° W longitude.  Within this region, 2,000 separate, random points were 
generated for later selection for geographic placement. 
 
Following the import of these points into ArcView 8.1.2, a variety of means were use to 
ensure the points fell within geographically useful locations.  To ensure that the points 
fell within the boundaries of the Upper Guadalupe River watershed, points were selected 
that intersected a shape file detailing the boundaries of HUC number 12100201.  These 
points were saved as a separate dataset for the next step in selection. 
 
To ensure that the chosen points would be accessible by public road, the shape files for 
roads in Comal, Kendall, and Kerr counties were first mosaiced together to form a 
complete dataset for the area of study.  These lines were buffered at a distance of 20-m 
to approximate the area that would be viewable from the road.  Selection was then 
performed to choose the remaining points that fell within the buffers of the county road 
dataset.  Seventy-one points remained after this stage of selection.  The first 25 locations 
were chosen for use in the survey and are shown in Figure A-1. 
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Figure A-1.  Site locations, major roads, and path of travel for survey of the Upper 
Guadalupe River watershed. 
 
Objective B:  Determine the geographic coordinates and land cover class of each point.  
The selected points were overlain with the derived land cover product to find the 
expected land cover class at each point.  Additionally, the coordinates for each site were 
determined and are also displayed.  In all, 2 bare soil sites, 2 light wooded sites, 6 
moderate wooded sites, and 15 heavy wooded sites were chosen of inspection by the 
random process (Table A-1). 
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Table A-1.  Description and location of points chosen for land cover analysis. 
Site Number Latitude (N) Longitude (W) Land Cover Description
1 29.989 99.151 Bare Rock/Sand/Clay
2 29.827 98.614 Bare Rock/Sand/Clay
3 29.947 98.701 Light Wooded Cover
4 30.084 99.089 Light Wooded Cover
5 29.981 99.079 Moderate Wooded Cover
6 29.979 98.622 Moderate Wooded Cover
7 29.941 99.239 Moderate Wooded Cover
8 30.055 98.811 Moderate Wooded Cover
9 30.026 98.731 Moderate Wooded Cover
10 29.918 98.601 Moderate Wooded Cover
11 29.961 98.972 Heavy Wooded Cover
12 29.987 98.846 Heavy Wooded Cover
13 29.952 99.524 Heavy Wooded Cover
14 29.903 98.973 Heavy Wooded Cover
15 29.869 98.983 Heavy Wooded Cover
16 29.861 98.453 Heavy Wooded Cover
17 29.897 98.204 Heavy Wooded Cover
18 29.837 98.615 Heavy Wooded Cover
19 29.873 98.288 Heavy Wooded Cover
20 29.942 98.266 Heavy Wooded Cover
21 29.916 98.252 Heavy Wooded Cover
22 29.842 98.570 Heavy Wooded Cover
23 30.067 99.301 Heavy Wooded Cover
24 29.953 99.219 Heavy Wooded Cover
25 30.128 99.142 Heavy Wooded Cover  
 
Objective C: Visit each site to record field observations and take digital photographs of 
each point for comparison to the derived land cover set.  Sites were visited on 19 
August, 2003.  Navigation to each point was aided by the use of a Trimble GeoXT 
handheld GPS and visual navigation from aerial photographs of the areas.  Notes were 
made concerning the cover found at each site and pictures were taken using a Kodak 
PowerShot S230 digital camera.   
 
Twenty-two sites were visited for survey.  The 3 remaining sites were determined to be 
unreachable due to their location behind property lines, a detail that was not properly 
portrayed in the road dataset for the three counties. 
 
Objective D:  Determine the actual land cover at each point and compare to the 
expected results of the land cover set.  Analysis was performed after collecting 
photographs of all of the available sites.  This report includes a detailed description of 
each point and notes on identification by the proposed classification scheme. 
 
Of the 22 points successfully surveyed, 18 were found to be correctly characterized from 
the land cover product.  This yielded a success rate of approximately 81.82% for the 
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classification scheme as a whole.  Upon analysis, errors were easily explained for the 4 
sites not properly characterized. 
 
Objective E: For each point where the actual land cover does not match the mapped 
land cover, perform an analysis to determine possible problems with the proposed 
methodology for land cove development.  Site 5 was located at the dividing line between 
a region of heavy wooded cover and a region of light wooded cover.  Since the 
percentage analysis for brush in each pixel was performed as a local function of a 60-m 
pixel, these pixels that overlapped two distinct regions of cover (in this case, light cover 
and heavy cover), an averaging effect occurs (in this case making the pixel appear to be 
of moderate cover).  This issue will be found along edges of heavy wooded growth in 
many areas.  From an objective viewpoint of analyzing each pixel as a closed entity, the 
declaration of moderate brush would be accurate.  For instance, this is equivalent to the 
lumping of curve number parameters in a hydrologic model to reduce the computative 
load of one basin to simply one average value rather than a number of individual 
response units.  However, since we would ultimately like to determine the distinct 
regions of each cover rather than average quantities for each pixel, this is not acceptable. 
 
The problem encountered at Site 6 probably stems from the resolution of the aerial 
imagery used.  While many of the plants observed in the ground photo of the region 
would be imagined to cover far less than a 2.5-m square, each pixel that was greatly 
influenced by a brush-like signature was immediately treated as a wooded pixel, even 
though wooded cover may have made up an insignificant portion of the 2.5-m square 
area. 
 
The cause of unsuccessful classification at site 9 appears to be similar with Site 5.  Once 
again, two distinctly different cover types combined to form an inaccurate classification 
of moderate cover for a location that consists of only open range and heavy brush. 
 
Site 17 presents another sort of problem for remote sensing and sums up the difference 
between what can be discovered through spectral interpretation and what can actually be 
found in the field.  Estimating from the aerial photograph, this site would have been 
properly characterized as heavy wooded cover if not for human influence.  In reality, the 
site had begun development into a residential area since the time the aerial photographs 
and satellite scenes were taken.  In fact, some residents had already moved into their new 
homes in the Oak Villa community. 
 
Though not considered in the ground-truth analysis because of inaccessibility, we can 
assume that, barring some unlikely circumstances, Site 8 was also mistakenly identified 
by the same problem that plagued Sites 5 and 9. 
 
Objective F: Perform an additional iteration of land cover derivation with the identified 
problems in mind if the results show a success rate of less than 80%.  Due to the success 
rate of the methodology and subsequent survey, no additional iterations were required to 
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achieve a desired level of accuracy.  However, several practices can be prescribed to 
enhance the ability of the classifier for identifying regions of brush cover. 
 
Perhaps the single most important change to the process is a modification of the way in 
which regions are assigned for calculating wooded cover percentiles.  Currently, this 
uses an arbitrary 60-m pixel to quantify cover, a method that does not follow natural 
regions of growth and results in the errors encountered at Sites 5 and 9.  The 60-m 
window could potentially be replaced with sensible regions generated from coarser 
resolution satellite imagery (or perhaps resampled aerial photographs).  Bu utilizing an 
unsupervised classification scheme, an image such as a 30-m Landsat scene could be 
split into a number of logical, similar regions that would, conceptually, represent 
separate patches of homogeneous growth.  These regions could then be used for a zonal 
analysis for cover percentages rather than the focal analysis prescribed here. 
 
The problem encountered at Site 6 may best be treated with the use of higher resolution 
imagery.  The original data obtained for brush indexing provided 1-m coverage of each 
county.  However, due to hardware constraints, the mosaiced image resolution was 
reduced to 2.5-m to produce a reasonable dataset.  In the future, analysis of smaller, 
perhaps county sized rather than watershed sized areas, would enable the user to more 
precisely delineate which areas are wooded and which are not.  The result would be a 
method that would reduce the exaggeration of wooded cover seen at this site. 
 
Finally, the integration of, not just images, but actual GIS databases into the 
classification scheme could prevent problems like those seen at Site 17.  A dataset 
representing land use for populated areas should be easily obtainable and can be 
integrated into the process to identify both sites than may be subject to change as in our 
example, or sites where a suburban population exists.  In fact, though we must declare 
the methodology successful for identifying regions of high wooded cover, many of these 
regions were located in very-low density residential areas.  Though these regions may be 
best characterized as wooded rather than the traditional residential paradigm, it is still 
doubtful that property owners would want to enroll their 3-acre tracts in a state funded 
brush control program.  From a planning point of view, it would be beneficial to step 
past the bounds of remote sensing for land cover analysis, and enter the incorporation of 
remote sensing with ancillary data for land use analysis as well. 
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Site Detail 
This appendix examines, in detail, the 25 sites that were chosen for ground-truth 
analysis.  The sites are numbered by the random identification number generated in the 
selection process, and also by the order in which the points were visited.  Geographic 
coordinates are provided along with a general description of the site location. 
 
A map is also provided to add some insight regarding the location of each site within the 
study area.  An aerial photograph of the point and an associated photograph taken from 
the ground are shown to indicate the cover contemporary to the aerial images (mid to 
late nineties) and the photographs (August, 2003). 
 
Notes are provided describing the site and/or explaining why classification was 
successful or unsuccessful.  Finally, a decision is provided as to the accuracy of the land 
cover product for the site in question. 
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Survey Point:   1 
Coordinates:    29.989° N, 99.151° W 
Location Detail:   South of Kerrville on the Medina Highway 
Order in Survey:  14 
Anticipated Land Cover: Bare Rock/Sand/Clay 
 
 
 
      
 
Observations:  The site was found to be a patch of rock neighboring the 
    highway. 
 
Conclusion:   Successful classification 
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Survey Point:   2 
Coordinates:    29.827° N, 98.614° W 
Location Detail:   East of Boerne on Jacob Road. 
Order in Survey:  22 
Anticipated Land Cover: Bare Rock/Sand/Clay 
 
 
 
      
 
Observations:  Though the location indicator for this site is located just 
    beyond the crushed stone traffic circle, it, nonetheless, 
    belongs to a pixel that is made up predominantly by the 
    driveway. 
 
Conclusion:   Successful classification 
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Survey Point:   3 
Coordinates:    29.947° N, 98.701° W 
Location Detail:   East of Comfort on Siebenicher 
Order in Survey:  6 
Anticipated Land Cover: Light Wooded Cover 
 
 
 
      
 
Observations: Site 3 was found just beyond a residential development in 
a pasture with a mixture of generally sparse cover. 
 
Conclusion:   Successful classification 
 
 77
Survey Point:   4 
Coordinates:    30.084° N, 99.089° W 
Location Detail:   North-east of Comfort off Fredericksburg Highway 
Order in Survey:  10 
Anticipated Land Cover: Light Wooded Cover 
 
 
 
      
 
Observations:  This site was located behind a gate, but it was possible to 
    examine the land cover past this point and into the  
    property.  This land was well maintained and covered by a
    collection of oaks. 
 
Conclusion:   Successful classification 
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Survey Point:   5 
Coordinates:    29.981° N, 99.079° W 
Location Detail:   South-east of Kerrville on Johnson Drive behind the 
airport 
Order in Survey:  17 
Anticipated Land Cover: Moderate Wooded Cover 
 
 
 
      
 
Observations:  Site 5 consisted of a region of generally sparse oak trees.  
    The region was most likely classified as moderate wooded 
    due to the proximity to the heavy wooded to the west.  Due 
    to pixel overlap, the region was classed as a mixture of 
    heavy and light wooded, thus creating a region that is 
    moderate wooded. 
 
Conclusion:   Unsuccessful classification 
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Survey Point:   6 
Coordinates:    29.979° N, 98.622° W 
Location Detail:   East of Comfort on FM-473 
Order in Survey:  5 
Anticipated Land Cover: Moderate Wooded Cover 
 
 
 
      
 
Observations:  This site consisted of brush that would probably be better 
    classified as light brush.  Possible cause for error includes 
    the mis-classification of some pixels as wooded and the 
    reduced spatial resolution of 2.5-m exaggerating the cover 
    by wooded plants. 
 
Conclusion:   Unsuccessful classification 
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Survey Point:   7 
Coordinates:    29.941° N, 99.239° W 
Location Detail:   South-west of Kerrville on Treasure Hill road 
Order in Survey:  16 
Anticipated Land Cover: Moderate Wooded Cover 
 
 
 
 
 
Observations: This site was located on private property behind a gate.  
By observation of the aerial photograph, it would appear 
that this classification is correct assuming no growth or 
removal since the image was taken. 
 
Conclusion:   Inaccessible 
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Survey Point:   8 
Coordinates:    30.055° N, 98.811° W 
Location Detail:   North-east of Comfort off of Old Highway 9 
Order in Survey:  8 
Anticipated Land Cover: Moderate Wooded Cover 
 
 
 
 
 
Observations:  Though this site could not be accessed due to its location 
    on private property, it can be assumed from review of the 
    aerial image that this site was probably mis-classified as 
    moderate cover due to the pixel being split over a region of 
    heavy wooded and no wooded cover. 
 
Conclusion:   Inaccessible 
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Survey Point:   9 
Coordinates:    30.026° N, 98.731° W 
Location Detail:   East of Comfort along Sisterdale Road 
Order in Survey:  7 
Anticipated Land Cover: Moderate Wooded Cover 
 
 
 
      
 
Observations:  This site was located along a transition between heavy and 
    no wooded regions, thus producing a composite of  
    moderate wooded cover. 
 
Conclusion:   Unsuccessful classification 
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Survey Point:   10 
Coordinates:    30.026° N, 98.731° W 
Location Detail:   North-east of Boerne  by Red Oak Drive 
Order in Survey:  21 
Anticipated Land Cover: Moderate Wooded Cover 
 
 
 
      
 
Observations:  Located near a newly developed residential area, this 
    region provided a good representation of moderate juniper. 
 
Conclusion:   Successful classification 
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Survey Point:   11 
Coordinates:    29.961° N, 98.972° W 
Location Detail:   West of Comfort off Wilson Creek Road 
Order in Survey:  20 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  This region of heavy wooded cover, adjoining a field, was 
    found to continue along the road and into some private 
    property 
 
Conclusion:   Successful classification 
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Survey Point:   12 
Coordinates:    29.987° N, 98.846° W 
Location Detail:   East of Comfort on FM-473 
Order in Survey:  9 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  Again, though the placement of the pixels slightly  
  overestimates the cover of the heavy brush region, it does 
  accurately identify the existence of the heavy brush  
  covered region. 
 
Conclusion:   Successful classification 
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Survey Point:   13 
Coordinates:    29.952° N, 99.524° W 
Location Detail:   West of Kerrville on Highway 39 
Order in Survey:  13 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  This region was identified beyond a fence and identified as 
    heavy wooded cover of predominately oak. 
 
Conclusion:   Successful classification 
 
 87
Survey Point:   14 
Coordinates:    29.902° N, 98.973° W 
Location Detail:   South-west of Comfort on Lane Valley Road 
Order in Survey:  18 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  This site provided an excellent example of heavy wooded 
    cover. 
 
Conclusion:   Successful classification 
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Survey Point:   15 
Coordinates:    29.869° N, 98.983° W 
Location Detail:   South-west of Comfort on Lane Valley Road 
Order in Survey:  19 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
 
 
Observations:  Though this site was inaccessible, inspection of the aerial 
    image shows that this site was probably classified  
    properly. 
 
Conclusion:   Inaccessible 
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Survey Point:   16 
Coordinates:    29.861° N, 98.453° W 
Location Detail:   East of Boerne on Cypress Pass 
Order in Survey:  4 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  A mixture of wooded species. 
 
Conclusion:   Successful classification 
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Survey Point:   17 
Coordinates:    29.897° N, 98.204° W 
Location Detail:   North-west of New Braunfels off of FM-306 
Order in Survey:  1 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  What was once a prime site neighboring a region of heavy 
    wooded cover is now part of a new residential  
    development.  This is a problem that could only be solved 
    with newer imagery or ancillary data representing current 
    land use within the county. 
 
Conclusion:   Unsuccessful classification 
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Survey Point:   18 
Coordinates:    29.837° N, 98.615° W 
Location Detail:   East of Boerne on Tiffany Drive 
Order in Survey:  23 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  This point coincided with the heavy cluster of brush found 
    setting back from the road in a rural-style residential area. 
 
Conclusion:   Successful classification 
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Survey Point:   19 
Coordinates:    29.873° N, 98.288° W 
Location Detail:   North West of New Braunfels on Club House Loop 
Order in Survey:  25 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  A region of heavy wooded cover found in a sparsely 
    populated residential area. 
 
Conclusion:   Successful classification 
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Survey Point:   20 
Coordinates:    29.942° N, 98.266° W 
Location Detail:   North-west of New Braunfels on Lakewood Court 
Order in Survey:  3 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  Heavy wooded cover. 
 
Conclusion:   Successful classification 
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Survey Point:   21 
Coordinates:    29.916° N, 98.252° W 
Location Detail:   North-west of New Braunfels off Hancock Road. 
Order in Survey:  2 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  This region of heavy cover is still present despite  
    construction of a new light aviation airport. 
 
Conclusion:   Successful classification 
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Survey Point:   22 
Coordinates:    29.842° N, 98.570° W 
Location Detail:   East of Boerne on Highway 3351 
Order in Survey:  24 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  Heavy wooded cover. 
 
Conclusion:   Successful classification 
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Survey Point:   23 
Coordinates:    30.067° N, 99.301° W 
Location Detail:   West of Kerrville along Baldwin Road 
Order in Survey:  12 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  The forward extent of this heavily wooded region is 
    observable from the road. 
 
Conclusion:   Successful classification 
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Survey Point:   24 
Coordinates:    29.953° N, 99.219° W 
Location Detail:   South-west of Kerrville off the Medina Highway 
Order in Survey:  15 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  Heavily wooded region found in a gully alongside the 
    highway. 
 
Conclusion:   Successful classification 
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Survey Point:   25 
Coordinates:    30.128° N, 99.142° W 
Location Detail:   North of Kerrville off Harper Road 
Order in Survey:  11 
Anticipated Land Cover: Heavy Wooded Cover 
 
 
 
      
 
Observations:  Though this heavy wooded area was not easily identifiable 
    from the road, examination along with the aerial  
    photograph indicates a consistently thick brush cover as 
    far back as the survey point. 
 
Conclusion:   Successful classification 
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Table B-1. Model parameters used for characterizing heavy, moderate, and light brush 
cover for SWAT’s land cover and plant growth database. 
Heavy Brush Moderate Brush Light Brush
>50% 20-50% 5-20%
Crop Growth Parameters
CPNM BRHI BRMD BRLO
IDC 7 7 6
BIO_E 30 30 30
HVSTI 0.01 0.01 0.01
BLAI 5 4 2
FRGRW1 0.05 0.05 0.15
LAIMX1 0.95 0.95 0.01
FRGRW2 0.1 0.1 0.5
LAIMX2 0.99 0.99 0.95
DLAI 0.99 0.99 0.99
CHTMX 4 4 1
RDMX 2 2 2
T_OPT 28 28 28
T_BASE 8 8 8
CNYLD 0.0234 0.0234 0.0234
CPYLD 0.0033 0.0033 0.0033
BN(1) 0.06 0.06 0.06
BN(2) 0.0231 0.0231 0.0231
BN(3) 0.0134 0.0134 0.0134
BP(1) 0.0084 0.0084 0.0084
BP(2) 0.0032 0.0032 0.0032
BP(3) 0.0019 0.0019 0.0019
WSYF 0.01 0.01 0.01
USLE_C 0.003 0.003 0.003
GSI 0.005 0.005 0.005
VPDFR 4 4 4
FRGMAX 0.75 0.75 0.75
WAVP 6 6 6
CO2HI 660 660 660
BIOEHI 33 33 33
RSDCO_PL 0.05 0.05 0.05
Curve Number Parameters
CN2 A 39 44 49
CN2 B 51 59 69
CN2 C 57 66 79
CN2 D 64 74 84
Management Parameters
HEAT UNITS 4459 4030 3195
HRU Parameters
CANMX 7.62 3.56 1.27  
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Table B-2. The 10 year changes to water yield between SWAT simulations of brush 
Scenario 1 (No Removal) and Scenarios 2-5 (Maximum Removal, Slope Focus, Brush 
Cover Focus, and Soil Depth Focus, respectively).  The most important focusing factor 
contributing factor to change is highlighted in red, the second most in yellow, and the 
least important in green. 
 
Line 2: 1000 * Change (mm) / Treated Area (ha)
ET SURQ LATQ BF RCHRG_DP STREAMFLOW
Scenario 2 -319.41 23.77 14 61.31 210.23 99.08
Treated (ha) 29673 -10.76433121 0.801064941 0.471809389 2.066188117 7.084891989 3.339062447
Scenario 3 -12.99 0.82 2.46 2.14 7.41 5.42
Treated (ha) 1217 -10.673788 0.673788003 2.02136401 1.75842235 6.08874281 4.453574363
Scenario 4 -206.88 16.25 10.09 39.93 135.85 66.27
Treated (ha) 18374 -11.25938827 0.884401872 0.549145532 2.173179493 7.393599652 3.606726897
Scenario 5 -44.45 3.57 1.46 8.5 29.28 13.53
Treated (ha) 4227 -10.5157322 0.844570617 0.345398628 2.010882423 6.92689851 3.200851668
ET SURQ LATQ BF RCHRG_DP STREAMFLOW
Scenario 2 -13833.46797 1029.46537 606.3321488 2655.301717 9104.943403 4291.099236
Treated (ha) 29673 -466.1971481 34.69367337 20.43380005 89.48544864 306.8426989 144.612922
Scenario 3 -562.5896152 35.51374014 106.5412204 92.68219989 320.9229445 234.7371605
Treated (ha) 1217 -462.2757726 29.18138056 87.54414169 76.15628586 263.7000365 192.8818081
Scenario 4 -8959.856782 703.778387 436.9922415 1729.345907 5883.587315 2870.116536
Treated (ha) 18374 -487.6377915 38.30294911 23.78318502 94.11918511 320.2126546 156.2053192
Scenario 5 -1925.104572 154.6146979 63.23178123 368.1302332 1268.10038 585.9767124
Treated (ha) 4227 -455.4304643 36.57787981 14.95902087 87.09019002 300.0000898 138.6270907
ET SURQ LATQ BF RCHRG_DP STREAMFLOW
Scenario 2 -466.1971481 34.69367337 20.43380005 89.48544864 306.8426989 144.612922
Treated (ha) 29673
Scenario 3 -462.2757726 29.18138056 87.54414169 76.15628586 263.7000365 192.8818081
Treated (ha) 1217
Scenario 4 -487.6377915 38.30294911 23.78318502 94.11918511 320.2126546 156.2053192
Treated (ha) 18374
Scenario 5 -455.4304643 36.57787981 14.95902087 87.09019002 300.0000898 138.6270907
Treated (ha) 4227
ET SURQ LATQ BF RCHRG_DP STREAMFLOW
Scenario 2 -6.726616054 288.8213852 8.818342152 9.623142001 9.72616112 12.32185052
Treated (ha) 29673 -0.226691472 9.733474377 0.297184044 0.324306339 0.327778153 0.415254626
Scenario 3 -0.273562952 9.963547995 1.549508692 0.335891761 0.342819074 0.674045517
Treated (ha) 1217 -0.224784677 8.186974524 1.273219961 0.275999804 0.281691926 0.553858272
Scenario 4 -4.35679011 197.4483597 6.355505165 6.267363564 6.285016354 8.24151225
Treated (ha) 18374 -0.237117128 10.74607378 0.345896656 0.341099574 0.342060322 0.448542084
Scenario 5 -0.936094936 43.37788578 0.91962711 1.334149519 1.354621118 1.682626539
Treated (ha) 4227 -0.2214561 10.26209742 0.217560234 0.315625625 0.320468682 0.398066368
Line 2: 1000 * Change (%) / Treated Area (ha)
Line 1: Change from control (mm)
Line 1: Change from control (m^3)
Line 2: 1000 * Change (m^3) / Treated Area (ha)
Percent Change
Line 1: Depth Change From Control (%)
Depth of Change Over Basin Area (43309.4392 ha)
Volume of Change
Depth of Change Over Treated Area
Line 1: Change from control (mm)
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